The vast majority of the world's fisheries are typically managed within a single-species perspective, ignoring the dynamic feedback mechanisms generated by the ecological web of which they are a part. Here we show that the dynamics of the Barents Sea capelin (Mallotus villosus), the world's largest stock of this species, is strongly influenced by both within-system ecological feedback mechanisms and the impact of harvesting. Both overexploitation and predation by herring (Clupea harengus) can cause the population to collapse, whereas predation by cod (Gadus morhua) is demonstrated a delay in the stock's recovery after a collapse. Such collapses, which have occurred twice in 20 years, affect the entire Barents Sea ecosystem, a region that for ages has provided food for all of Europe.
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Mallotus villosus ͉ cod ͉ herring ͉ harvesting ͉ ratio dependence A s the main plankton-feeder in the Barents Sea (Fig. 1 ), the capelin is well known to play a key role in this marine ecosystem (1) (2) (3) . The capelin is a short-lived fish; most individuals spawn once (at the age of 3-5 years; ref. 3) . Older capelin constitute a key food source for the economically important Arcto-Norwegian cod (Figs. 1 and 2a) (4) . Capelin has been the focal target of a major industrial fishery; in the 1970s, this was Europe's largest single-species fishery. As one of the few fish stocks in the world (5), the Barents Sea capelin is managed within a multispecies perspective, because the capelin fishing quotas are determined by taking into account the expected predation from the cod stock (6) . However, cod and herring quotas are not set by taking other species into account. Until now, this capelin stock has collapsed twice, reducing the biomass by Ͼ95% each time (Fig. 2c ). These collapses, especially the first one, not only influenced cod but also had a dramatic impact on mammals and birds feeding on capelin (7) as well as on the plankton community (1, 8) . A third collapse appears presently to be underway: the stock biomass has declined by 85% over the last 2 years and by as much as 76% during the last year (9) . Each of these three collapses resulted in fishing moratoria (1986) (1987) (1988) (1989) (1990) (1993) (1994) (1995) (1996) (1997) (1998) , and 2004) (10). Here we demonstrate that the capelin collapses in the 1980s and 1990s may properly be entirely or partly attributed to top-down effects of the fish predators preying on the capelin, herring, and cod, demonstrating the need for multispecies management.
Capelin Exploited by Herring, Cod, and Fishermen
In the 1970s, large amounts of capelin were fished annually [up to 3⅐10 6 tons (3)]. Nevertheless, the role of harvesting in the collapse of the 1980s has been a matter of debate (e.g., refs. 3, 7, 11, and 12), and the capelin harvest was undoubtedly at a moderate level (1.1⅐10 6 tons) when the stock collapsed again in the 1990s. An alternative hypothesis is that the collapses are mainly caused by young herring feeding on capelin larvae (7, 13) . The herring of the Norwegian spring-spawning stock, living mainly in the Norwegian Sea, spend the first 2-3 years of their life in the Barents Sea. However, it has so far not been possible to quantify the actual consumption of capelin by herring from stomach samples (14) . The herring's reproduction varies enormously (Fig. 2b) , and it has been observed that capelin reproduction tends to fail in years when there is much young herring in the Barents Sea (3, 13, 15) . Last, cod, which eat capelin from age 1-5 years, can consume as much as 3.4⅐10 6 tons of capelin annually (2) .
A simple graphical analysis, comparing consumption by cod and fishermen with the biomass of capelin, suggests that capelin cohorts experiencing high removal have very poor success (Fig.  2d) . Cod predation and harvest are thus high at the same time as capelin biomass is low.
The Model
For a more precise exploration of the combined effects of the different mortality factors, we developed a simple but realistic model to be fitted to survey estimates of capelin abundance. The capelin spawn in the spring, whereas the annual scientific survey (see below) is conducted in the autumn and estimates the abundance of 1.5-, 2.5-, 3.5-, and 4.5-year-old capelin. These abundances, for simplicity denoted N , constitute the dynamic variables of the model and are assumed to be influenced by density-dependent recruitment and survival, the abundance of cod and herring, and fishing pressure. We anticipate the number of 1.5 year olds (N t 1 ) to be a function of the number of maturing capelin (see below) 2 years before (N tϪ2 mat ). The recruitment rate log(N t 1 ͞N tϪ2 mat ) is typically (16, 17) Fig. 2e , the data clearly suggest that the Gompertz model is more appropriate, hence we adopt this one in our model developed within the following framework structure.
The values of the coefficients (a i , b i , c i , d i , and e i ) were found by fitting the model statistically to data (see below); harv aut and harv wint are the harvests in autumn and winter, respectively; cod is the biomass of 3-to 6-year-old cod in January (2); and herr is the biomass of 1-to 2-year-old herring in the Barents Sea in the autumn.
We assume that all capelin of age 4.5 years mature and spawn (as 5 year olds) the following spring. For 2.5-and 3.5-year-old capelin, the proportion of maturing individuals in the autumn depends indirectly on abundance; i.e., maturation is lengthdependent, and length growth is density-dependent (3). Thus, the total number of maturing capelin N t mat is given by
where the F functions are given as logistic functions (Fig. 2f ) . The total biomass (BM) and the biomass of immature fish (BM immat ) are given by
where the G functions are all linear in the abundance of the age class (see Supporting Text, which is published as supporting information on the PNAS web site). Altogether, we thus assume that recruitment (Eq. 1a) is reduced by cod predation before spawning (22) and by herring predation on the larvae (13) . For survival (Eqs. 1b-1d), we assume that all mature capelin individuals die after spawning (3), whereas the survival of immature capelin is affected by harvesting, cod predation, and, to some extent, by herring. We assume further that during the winter fishery (harv wint ), only capelin on their spawning migration are caught, i.e., only N 1 is affected (23) . Per-capita mortality from harvesting is expected to vary with the ratio [harvested biomass]͞[available biomass]. For the effect of cod predation, our starting point was the general expression (predator ␣ ͞prey ␤ ). The classical Lotka-Volterra model for predation, analogous to the physical ''law of mass action'' (24), corresponds to assuming ␣ ϭ 1 and ␤ ϭ 0. An alternative formulation is ratio-dependent predation (25) , equivalent to assuming ␣ ϭ 1, ␤ ϭ Ϫ1 (see Supporting Text). An analysis of the amount of capelin consumed by cod, calculated from the cod stomach content (2), indicated that ␣ ϭ 0.329 and ␤ ϭ Ϫ0.663 (Table 1) . Although the estimate of ␣ is quite uncertain (Table  1) , the estimate of ␤ is significantly different from 0, providing strong evidence against the assumptions of the Lotka-Volterra model and somewhat weaker evidence against the ratiodependent model (␤ 1). However, fitting Eqs. 1a-1d to data (see below), we found the ratio-dependent model (␣ ϭ 1, ␤ ϭ Ϫ1) to be better than the alternatives, such as (␣ ϭ 0.329, ␤ ϭ Ϫ0.663) and (␣ ϭ 0.329, ␤ ϭ Ϫ1), in particular for Eq. 1a. The interpretation of this is that the per capita mortality of capelin increases as the capelin become more scarce (Fig. 3) . That is, the cod actively tries to hunt down the capelin, which is expected because it is a critical food item due to its fat content (4) . In contrast to cod (4), herring does not depend on capelin as a key food resource. As a result, predation by herring appears to be of a more opportunistic nature (14) , suggesting that herring predation is not ratio-dependent. There are, however, very little stomach data for herring predating on capelin larvae that can be used to confirm this. Parameters estimates of model 1a-1d. To facilitate comparison among coefficients, the variables (both predictor and response variables) were standardized to have mean ϭ 0 and SD ϭ 1 before parameter estimation (parameter estimates for unstandardized data are found in Table 4 ). Bars indicate the 95% confidence intervals, and stars indicate the result of onesided tests using the alternative hypothesis that the estimate is Ͼ0: *** , P Յ 0.001; ** , 0.001 Ͻ P Յ 0.01; * , 0.01 Ͻ P Յ 0.05; ( * ), 0.05 Ͻ P Յ 0.1. Parameters of a linear regression of log(biomass capelin consumed by cod) as a  function of log(biomass of age 3-6 cod) and log(total biomass of capelin Eqs. 1a-1d were fitted to abundance estimates of capelin (9) and its predators (10, 26) , covering the years 1973-2001. The abundance estimates of capelin are derived from acoustic measurements (supplied by trawl samples) and do not involve catch data from commercial fisheries. Thus, N is independent between years and independent of harv aut,tϪ2 and harv wint,tϪ1 . The survey (performed in September͞October) is carried out cooperatively by the Institute of Marine Research (Bergen, Norway) and the Polar Institute of Fisheries and Oceanography (Murmansk, Russia). Biomass estimates of cod (based on virtual population analysis) and herring (based on acoustic measurements) as well as capelin harvest were obtained from recent reports (10, 26) . The parameter estimates and the data are available in Tables 4  and 5 , which are published as supporting information on the PNAS web site. The standardized parameter estimates (Fig. 4) show that harvest and predation have the most profound effect on age 1.5, i.e., the reproductive phase. This covers the survival of matures (of age 2-4) between the survey and spawning (approximately the 6 months before spawning), the spawning success, and the survival of the offspring for the first 1.5 years. Furthermore, the spawner abundance is found not to affect the number of 1.5 year olds (b Ϸ 1). The effect sizes are smaller for Eqs. 1b-1d, i.e., survival after age 1.5. The smaller effect size in Eqs. 1c and 1d compared to in Eq. 1b is not expected from knowledge of the age class distribution and ecology and may in part be caused by increasing relative uncertainty in the abundance estimate (decreasing signal-to-noise ratio). All point estimates are positive as hypothesized in Eqs. 1a-1d. Calculation of Akaike's criterion for small sample size (AIC C ; ref. 27 ) further supports the notion that model 1a-1d is a parsimonious one if we assume that Eqs. 1b-1d have the same model structure ( Table 2) . Relaxing this assumption, AIC C does not provide convincing arguments to change Eq. 1 (see Tables 6 and 7 , which are published as supporting information on the PNAS web site).
Structure and Dynamics of the Capelin System
To assess the parameterized model beyond evaluating its fit to the data, we ran a set of simulations, basing each year's prediction (except the starting year of the simulation) on the modelpredicted capelin values from the previous year. When such simulations were started by using initial conditions as defined by the conditions just before each of the collapses, the dynamics of each collapse was reproduced very well (Fig. 5a , red lines in Fig. 5 b and c) . The model's ability to reproduce the first collapse (1983) (1984) (1985) (1986) ) and the following recovery (1986-1990) was profoundly reduced if we used a model without harvesting either herring or cod (Fig. 5b) , suggesting that all these factors contributed to the collapse. It is worth noticing, though, that the model without harvest (blue line in Fig. 5b ) is especially poor, suggesting the importance of overexploitation during the first collapse. In contrast, the second collapse (1991-1995) was clearly not caused by overexploitation. This collapse and the subsequent slow recovery may on this basis be explained as a result of the variation in herring abundance. The herring appears to affect not only the survival of larval capelin (by predation) but also survival after the larval stage ( Fig. 5c ; also see Table 2 and We evaluated different sets of variables for Eq. 1a (i.e., survival during the first 1.5 years) as well as different sets of variables for Eqs. 1b-1d (i.e., survival of immatures after age 1.5 years). We assumed that the same factors were used in Eqs. 1b-1d (e.g. , that the same factors were influencing survival of immatures after age 1.5 years). Also shown is the Akaike weight (AICW), which can be viewed as the probability that a model is the best, given the candidate set of models (39) .
Fig. 5.
Model simulations compared to observations. (a) Model simulations, using the parameters shown in Table 6 , corresponding to the observed population dynamic pattern shown in Fig. 2d . The black line represents the observed pattern (identical to the trajectory in Fig. 2d ). The red line corresponds to the result of a simulation started out with 1981 data and run for 13 years; the blue line shows the result of a simulation started out with 1991 data and run for 10 years. The numbers represent running means (see legend for Fig. 2d ) and are therefore not directly comparable to b and c. (b) The ability of different models to reproduce changes in the abundance of capelin (log-transformed numbers of capelin aged 1.5-4.5 years) during the 1980s. The black line is the observed; the colored lines shows simulations with the full model (red) as well as models without, respectively, harvest (blue), cod abundance (purple), herring predation and competition (green), and herring competition (effects on capelin aged 2.5-4.5 years; brown). All models were parameterized based on the entire series; the reduced models were reparameterized before simulation. (c) As for b but for the 1990s. Whereas a model without cod (purple line in Fig. 5 b and c ) is able to reproduce the timing and severity of both collapses, such a cod-free model tends to predict a faster recovery. Indeed, our analyses suggest that during both collapses, cod predation, having the strongest effect at low capelin densities, delays recovery by Ϸ1 year. The extremely strong population increase in the late 1980s may be explained by a combination of closed fisheries (from 1987) (3), emigration of the large 1983 year class of herring (in 1986), and decreased intraspecific competition (note the significant b values in Fig. 4 ).
Discussion
Our results are in close agreement with earlier studies demonstrating how survival of capelin larvae is affected by herring predation (3, 7, 28) , how survival through later life stages is affected by harvest (11, 23) and cod predation (22, 29) , and further how maturation age increases with increasing abundance (3). Our study, however, synthesizes these observations into one fairly simple model based on survey data. Another finding of our study is the presence of intraspecific competition within this marine population. Our model demonstrates the overall importance of top-down effects on fish stock. Because cod and herring reproduction is strongly affected by climate (30) (31) (32) (33) , the climate has a strong indirect delayed effect on capelin dynamics (15, 28) . An important conclusion emerging from our study is that the effect of the mortality factors is additive, not compensatory, with a possible exception of survival between age 3.5 and 4.5 years (Table  3 ) (34) . This is of particular interest within a management perspective, because the additive nature of harvesting is not counteracted by decreases in other mortality factors. Indeed, overharvesting will tend to increase the impact of cod predation, because the cod depends on the capelin to be able to build up its crucial fat reserves needed to carry out its long spawning migration and to produce eggs (4). Thus, both the cod and fishermen will attempt to obtain their ''quota'' of capelin regardless of its abundance, including at low capelin abundance. This is an example of a depensating effect (i.e., increasing effect of predation at low population levels; cf. ref. 35) leading to a spiral of decline of the capelin (Fig. 2d) . Such depensation has been suggested as a mechanism for the large-scale abrupt changes seen in many pelagic fish stocks (36) . Our study demonstrates this on the basis of an empirically based model. Both the cod and fishermen are to some degree switching to other prey. Although we cannot control the switching of the cod, the switching behavior of fishermen can be regulated by managers setting quotas. For instance, had fishing been closed in 1985 instead of in 1986 (i.e., forcing fishermen to switch at a higher level of capelin abundance), the first collapse could have been significantly less severe.
The statistically and biologically significant negative relationship between herring abundance and the capelin's survival after the larval stage (Figs. 3 and 5 b and c) , presumably caused by competition, is previously undescribed. Although the two species have a high degree of food similarity (12) , this is a somewhat surprising result, considering that the feeding areas of these species are thought to overlap only to a rather minor degree. The consistent effect of herring on capelin of age 2.5-4.5 years, however, is quite persuasive evidence of such an interaction.
Conclusion
On the basis of our model study, it is clear that the three large fish stocks in the Barents Sea (capelin, cod, and herring) should be managed at a multispecies͞community level. The ''one-way'' multispecies approach currently used (6) should be further extended so that the harvest levels for all three stocks are determined jointly, taking into account the dynamic effect of their interactions in a similar way as in the model reported in this study. As such, our results might be seen as support of the Reykjavik declaration of 2001 (37), reinforced at the World Summit of Sustainable Development in Johannesburg in 2002 (38) , requiring nations to base policies related to marine resource exploitation on an ecosystem approach.
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